Abstract Open photoacoustic cells are often used in continuous-flow photoacoustic measurements. Such cells are sensitive to external noise penetration. The improved open photoacoustic Helmholtz cell has much better external noise attenuation than the previously known designs. This paper describes how mechanical dimensions of such a cell influence its signal-to-noise ratio. The analysis was performed by means of computer simulations based on the loss-improved transmission line model. This research showed that the mechanical parameters affect signal-to-noise noticeably and, if they are properly chosen and applied in the design of the improved open cell, the resulting signal-to-noise ratio may be improved by almost 60 dB in comparison to previous designs of open photoacoustic Helmholtz cells.
Introduction
In photoacoustic measurements of fluids, open photoacoustic cells are usually much more convenient than closed ones. This is due to the fact that they allow for straightforward gas or liquid exchange between the cell and the environment, what simplifies measurement instrumentation and processes [1] [2] [3] . The consequence of opening the cell to the environment is that along with the gas, external acoustic noise penetrates the cell's interior. This is not crucial in the case of smoke detectors, when the amount of absorbent is significant, and the induced photoacoustic signal is strong [3] . The A. Geras (B) Institute of Electronic Systems, Warsaw University of Technology, Nowowiejska 15/19, 00-665 Warsaw, Poland e-mail: antonina@geras.pl problem arises when there is a demand for sensing low concentrations of a substance. In such a case, the photoacoustic signal may even be a few orders of magnitude weaker than the external noise, so its occurrence can seriously affect the measurements [4] [5] [6] . Definitely, the external acoustic noise should be attenuated or filtered out. One of the commonly used techniques is to incorporate cells of big volumes, acting as acoustic buffers. This paper presents parametric analysis of signal-to-noise ratio of an improved open photoacoustic Helmholtz cell, previously presented by Starecki and Geras [7] .
Open Photoacoustic Helmholtz Cell
As was previously stated, the photoacoustic signal can be very low and would be difficult to detect even by an extremely sensitive microphone [8, 9] . To amplify the signal, the acoustic resonance of the chamber may be used. There are a number of open windowless cells reported in the literature, and in most cases, signal amplification is based on the standing wave resonances [1] [2] [3] [10] [11] [12] [13] [14] . Such cells are usually of relatively large volumes, so their applications are strongly limited. Another kind of a photoacoustic resonant cell is the Helmholtz resonator, which usually has a volume of just a few cubic centimeters. Open cells of this kind were proposed by Diószhegy et al. [6] and by Starecki [15] , but because of their sensitivity to the external acoustic noise, they are of no practical use in standard environments. To overcome this limitation, a new design of an open photoacoustic cell was proposed by Starecki and Geras [7] , as shown in Fig. 1 .
The presented cell is an improved version of the open windowless photoacoustic Helmholtz cell [15] . Its main part is the Helmholtz resonator to which the two acoustic buffers are attached via coaxial ducts of relatively small diameter (denoted as 'internal ducts'). The cell is opened to the ambient by means of the so-called 'external ducts.' These ducts are located aside the optical path of the light beam. The cell is equipped with windows, which will introduce a parasitic background signal [16] . As the buffers are of a relatively large volume, this signal will be strongly attenuated.
The Helmholtz resonator consists of a sample cavity and a microphone cavity, connected by a thin duct. In such cells, despite their small size, the resonance frequency is quite low. It is advantageous, because the amplitude of photoacoustic signal is inversely proportional to the cell volume and to the light beam modulation frequency:
where α is the light absorption coefficient, P is the light power, f is the light intensity modulation frequency, and V is the volume of the cell [17, 18] . To amplify the photoacoustic signal, the modulation frequency of the light beam should be adjusted to an acoustic resonance of the cell [4, 14, 15, 19] . Thus, if the resonance frequency is low, the modulation frequency would also be low. Furthermore, due to separation of the cavities by a narrow duct, Helmholtz cells allow for good isolation of the microphone from the sample and the light beam. In single-cavity cells, where such isolation does not exist, the incident light beam can result in an increase of the background noise [15, 18, 20, 21] . The mechanism of photoacoustic [7] signal triggering in the Helmholtz resonator is quite different from that in the other kinds of resonance cells (such as those with the standing wave resonance) [14, 22] ; the sample is illuminated by the light of the frequency in the sample's absorption spectrum. As a result of light absorption, the temperature of the gas inside the sample cavity increases, and the gas expands and moves to the microphone cavity. When the absorption is halted (by turning off the light source), the gas flows in the opposite direction. In such a way, the modulated light beam causes a periodic flow of the gas between the cavities, thus generating thermal and sound waves [1, 6, 19, 23] . The resonance frequency of this process is given by the equation,
where V 1 and V 2 are the sample and microphone cavity volumes, l is the length of the duct, d is the diameter of the duct, and v is the sound speed in the gas filling the cell. This frequency can be adjusted in a very simple way, i.e., by selecting appropriate volumes of the cavities and dimensions of the main duct [15, 24] .
In the proposed cell ( Fig. 1) , two symmetrical acoustic buffers are connected to the resonator by thin ducts. The ducts can be treated as acoustic transmission lines if the length of the internal and external ducts is equal to a quarter of the acoustic wave corresponding to the frequency of the resonance. The input impedance of such a line is inversely proportional to the load at its end, so placing a buffer of a big volume (thus, small impedance) would make this line act as a high acoustic impedance for the external signals [4] , according to the formula,
where Z i , Z l , and Z ω are the input, load, and characteristic impedance of the line, respectively [5] . It means that the buffers, connected via ducts of a properly chosen length, should help to prevent external noise infiltration. Furthermore, it was observed that dimensions of the ducts and buffers have a noticeable impact on the external noise attenuation and that their proper selection can significantly improve cell properties [1, 25] . An important measure, which indicates a level of sensitivity that can be obtained with a given open cell design, is its ability to attenuate external acoustic noise, which can be expressed by the signal-to-noise ratio. To find a dependency between the dimensions and signal-to-noise ratio, parametric analysis was performed.
Modeling Method
To calculate the signal-to-noise ratio, it was necessary to determine the frequency response and values of the external noise attenuation for the given frequency range. These graphs were obtained by means of loss-improved electroacoustic modeling. The method has already been tested and proven to give accurate results [17, 20, 25, 27] . Modeling allows examination of some of the cell properties before its manufacture. In the case of the discussed cell, some of the ducts may have very small diameters and be relatively long. As per the above, it was essential to use computer modeling in order to find optimal values of dimensions that would be used for future cell manufacture. The principle of the acousto-electric analogies is to create a model of a cell in which each of its acoustic parts is replaced by its electric counterpart, i.e., the cavity corresponds to capacitance, and the ducts are replaced by transmission lines converted into corresponding T-section impedances [20, 26] . In the literature, different definitions for calculation of values of the electric counterparts can be found [20, 21, 24, 28, 29] ; however, the best results are obtained when the loss-improved method is applied [17] . The model used in the analysis of the improved cell was described in considerable detail in previous papers [7, 26] .
Modeling Results
As previously stated, the aim of the modeling was to discover how each of the cell dimensions influences the cell's behavior. First, a reference cell was examined. The dimensions of this cell remained unchanged and were the following: sample and microphone cavities of 2 cm 3 and 1.5 cm 3 , respectively, buffers had volumes of 100 cm 3 , the main duct length was equal to 35 mm, the diameter was 3 mm, and internal and external ducts were 50 mm long and 2 mm in diameter. In the case of such dimensions, the resonance should occur at about 800 Hz (according to Eq. 1), which was confirmed by the frequency response presented in Fig. 2 which shows frequency responses of two types of open Helmholtz cells: a basic open cell and the improved cell (with buffers). It can be concluded that in the region of the resonance frequency, parts additional to the resonator (i.e., ducts and buffers) do not influence the frequency response of the cell. These considerations were extensively presented in previous papers [7, 26] .
The signal-to-noise ratio of the investigated cell is shown in Fig. 3 . From that graph, one can conclude that in comparison to the basic open cell, the signal-to-noise ratio of the improved cell is greater by almost 50 dB. It should be stated that experimental values of the signal-to-noise ratio in the high frequency region (above f 0 ) will be slightly different from those obtained by means of simulations. In practice, the signalto-noise ratio will be affected by the level of noise from the other sources. Taking into consideration that the amplitude of the signal above the resonance frequency f 0 decreases rapidly with the frequency, the practically obtained signal-to-noise ratio would be lower than the theoretical one.
To determine the influence of each of the dimensions, at one simulation, only one dimension was changed. The length of the ducts was changed in the range from 25 mm to 150 mm with a step of 25 mm, and the diameters were changed from 1 mm to 3 mm with a step of 0.5 mm. In case of the internal, as well as the external duct lengths, the best signal-to-noise ratio at the resonance frequency was obtained for a value of 100 mm, which is not the smallest nor the greatest among those examined (Fig. 4) . The result is not surprising, as this value is close to a quarter of the wavelength of the induced acoustic wave. In the case of the ducts' diameter, the smallest one results in the best external noise attenuation, giving the best signal-to-noise ratio (Fig. 5) . Manufacture of such a duct, especially at a length of 100 mm (which, as was already stated, should lead to the best signal-to-noise ratio), would be very difficult. What is more, internal ducts form a channel through which the light beam is passed. The other potential inconvenience is that the smaller the duct diameter, the slower is the gas exchange. When a fast response of the sensor is required, low volumetric flow rates may be not acceptable [4] . Thus, it is worth noting that in the case of the 2 mm diameter duct, the signal-to-noise ratio is worse only by about 20 dB in comparison to the one obtained with the diameter of 1 mm. When considering the buffers volumes, it is quite obvious that a greater volume results in a higher signal-to-noise ratio (Fig. 6) . Theoretically, there is no limit for increasing the buffer volume, but in practical applications, that would significantly enlarge the cell and slow down the gas exchange [4] .
As a final step, modeling of a cell with dimensions that resulted in the best signalto-noise ratio at each preceding simulation was performed. These graphs are denoted as 'optimal dimensions' in Figs. 2, 3, 4 , 5, and 6. It is clearly visible that a cell of such dimensions (ducts 100 mm long and 1 mm in diameter, buffers of 250 cm 3 ) is characterized by a signal-to-noise ratio much better than in the case when only one of the dimensions is optimal. When comparing a cell with 'optimal' dimensions to an open cell presented in [7] and [27] , the signal-to-noise ratio is greater by almost 60 dB (Fig. 3) . Furthermore, not all possible combinations of dimensions were examined, so there may still be room for future improvement. 
Conclusions
The presented analysis shows that the signal-to-noise ratio of the improved open Helmholtz photoacoustic cell may be considerably increased as a result of a deliberate choice of the cell's components. The best results are obtained in the case when a combination of optimal parameters is applied. Most attention should be paid to the length of the ducts since selection of this parameter is not straightforward, as the optimal value is not an extreme one. Decrementing the ducts diameters results in an improvement of the signal-to-noise ratio. In the case of the buffers, the best noise rejection is obtained for the greatest volume, so their size is limited by practical requirements such as the total cell size and the expected flow rate.
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